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Abstract 

This paper analyzes the impact and benefits of infrastructure support in improving the throughput scaling in 
networks of n randomly located wireless nodes. The infrastructure uses multi-antenna base stations (BSs), in which 
the number of BSs and the number of antennas at each BS can scale at arbitrary rates relative to n. Under the model, 
capacity scaling laws are analyzed for both dense and extended networks. Two BS-based routing schemes are first 
introduced in this study: an infrastructure-supported single-hop (ISH) routing protocol with multiple-access uplink 
and broadcast downlink and an infrastructure-supported multi-hop (IMH) routing protocol. Then, their achievable 
throughput scalings are analyzed. These schemes are compared against two conventional schemes without BSs: 
the multi-hop (MH) transmission and hierarchical cooperation (HQ schemes. It is shown that a linear throughput 
scaling is achieved in dense networks, as in the case without help of BSs. In contrast, the proposed BS-based 
routing schemes can, under realistic network conditions, improve the throughput scaling significantly in extended 
networks. The gain comes from the following advantages of these BS-based protocols. First, more nodes can 
transmit simultaneously in the proposed scheme than in the MH scheme if the number of BSs and the number 
of antennas are large enough. Second, by improving the long-distance signal-to-noise ratio (SNR), the received 
signal power can be larger than that of the HC, enabling a better throughput scaling under extended networks. 
Furthermore, by deriving the corresponding information-theoretic cut-set upper bounds, it is shown under extended 
networks that a combination of four schemes IMH, ISH, MH, and HC is order-optimal in all operating regimes. 

Index Terms 

Base station (BS), infrastructure, cut-set upper bound, hierarchical cooperation (HC), multi-antenna, multi-hop 
(MH), single-hop, throughput scaling 
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I. Introduction 

In [1], Gupta and Kumar introduced and studied the throughput scaling in a large wireless ad hoc 
network. They showed that, for a network of n source-destination (S-D) pairs randomly distributed in 
a unit area, the total throughput scales as Q(\/nJ logn)Q This throughput scaling is achieved using a 
multi-hop (MH) communication scheme. Recent results have shown that an almost linear throughput in 
the network, i.e., B(n 1 ~ e ) for an arbitrarily small e > 0, is achievable by using a hierarchical cooperation 
(HC) strategy [3], [4], [5], [6]. Besides the schemes in [3], [4], [5], [6], there has been a steady push to 
improve the throughput of wireless networks up to a linear scaling in a variety of network scenarios by 
using novel techniques such as networks with node mobility [7], interference alignment schemes [8], and 
infrastructure support [9]. 

Although it would be good to have such a linear scaling with only wireless connectivity, in practice there 
will be a price to pay in terms of higher delay and higher cost of channel estimation. For these reasons, it 
would still be good to have infrastructure aiding wireless nodes. Such hybrid networks consisting of both 
wireless ad hoc nodes and infrastructure nodes, or equivalently base stations (BSs), have been introduced 
and analyzed in [10], [11], [9], [12], [13]. BSs are assumed to be interconnected by high capacity wired 
links. 

While it has been shown that BSs can be beneficial in wireless networks, the impact and benefits of 
infrastructure support are not fully understood yet. This paper features analysis of the capacity scaling 
laws for a more general hybrid network where there are I antennas at each BS, allowing the exploitation 
of the spatial dimension at each BSH By allowing the number in of BSs and the number I of antennas to 
scale at arbitrary rates relative to the number n of wireless nodes, achievable rate scalings and information- 
theoretic upper bounds are derived as a function of these scaling parameters. To show our achievability 
results, two new routing protocols utilizing BSs are proposed here. In the first protocol, multiple sources 
(nodes) transmit simultaneously to each BS using a direct single-hop multiple-access in the uplink and a 
direct single-hop broadcast from each BS in the downlink. In the second protocol, the high-speed BS links 
are combined with nearest-neighbor routing via MH among the wireless nodes. The obtained results are 
also compared to two conventional schemes without using BSs: the MH protocol [1] and HC protocol [3]. 

The proposed schemes are evaluated in two different networks: dense networks [1], [14], [3] of unit 
area, and extended networks [15], [16], [17], [18], [3] of unit node density. In dense networks, it is shown 
that an almost linear throughput scaling is achieved as in [3], which is rather obvious. On the contrary, in 
extended networks, depending on the network configurations and the path-loss attenuation, the proposed 
BS-based protocols can improve the throughput scaling significantly, compared to the case without help of 
BSs. Part of the improvement comes from the following two advantages over the conventional schemes: 
having more antennas enables more transmit pairs that can be activated simultaneously (compared to those 
of the MH scheme), i.e., enough degree-of-freedom (DoF) gain is obtained, provided the number m of 
BSs and the number / of antennas per BS are large enough. In addition, the BSs help to improve the long- 
distance signal-to-noise ratio (SNRjE first termed in [19], which leads to a larger received signal power 
than that of the HC scheme, i.e., enough power gain is obtained, thus allowing for a better throughput 
scaling in extended networks. 

To show the optimality of our proposed schemes, cut-set upper bounds on the throughput scaling are 
derived for a network with infrastructure. Note that the previous upper bounds in [15], [16], [20], [17], 
[21], [3] assume pure ad hoc networks and those for BS-based networks are not rigorously characterized 
in both dense and extended networks. In dense networks, it is shown that the obtained upper bound is the 

'We use the following notations: i) f(x) = 0(g(x)) means that there exist constants C and c such that f(x) < Cg(x) for all x > c. 
ii) f{x) = o(g(x)) means that lim 44 = 0. iii) f(x) = 0(g(z)) if g(x) = 0(f(x)). iv) f(x) = uj{g(x)) if g[x) = o(f{x)). v) 
f{x) = Qig(x)) if fix) = Oigix)) and g(x) = 0(/(x)) [2]. 

2 When the carrier frequency is very high, it is possible to deploy many antennas at each BS since the wavelength becomes very small. 

3 In [19], the long-distance SNR is defined as n times the received SNR between two farthest nodes across the largest scale in wireless 
networks. In our BS-based network, it can be interpreted as the total SNR transferred to any given node (or BS antenna) over a certain 
smaller scale reduced by infrastructure support. 
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same as that of [3] assuming no BSs. Hence, it is seen that the BSs cannot improve the throughput scaling 
and the HC scheme is order-optimal for all the operating regimes. In extended networks, the proposed 
approach is based in part on the characteristics at power- limited regimes shown in [3], [19]. It is shown 
that our upper bounds match the achievable throughput scalings for all the operating regimes within a 
factor of rf with an arbitrarily small exponent e > 0. To achieve the order-optimal scaling, using one of 
the two BS-based routings, conventional MH transmission, and HC strategy is needed depending on the 
operating regimes. 

The rest of this paper is organized as follows. Section [II] describes the proposed network model with 
infrastructure support. The main results are briefly shown in Section [III]. The two proposed BS-based 
protocols are characterized in Section [IV] and their achievable throughput scalings are analyzed in Section 
[VT . The corresponding information-theoretic cut-set upper bounds are derived in Section [VI] Finally, Section 
IVIII summarizes this paper with some concluding remarks. 

Throughout this paper the superscripts T and f denote the transpose and conjugate transpose, respec- 
tively, of a matrix (or a vector). I n is the identity matrix of size n x n, is the (k,i)-th element of a 
matrix, tr(-) is the trace, and det(-) is the determinant. C is the field of complex numbers and E[-\ is the 
expectation. Unless otherwise stated, all logarithms are assumed to be to the base 2. 

II. System and Channel Models 

Consider a two-dimensional wireless network that consists of n S-D pairs uniformly and independently 
distributed on a square except for the area covered by BSs. Then, no nodes are physically located inside the 
BSs. The network is assumed to have an area of one and n in dense and extended networks, respectively. 
Suppose that the whole area is divided into m square cells, each of which is covered by one BS with I 
antennas at its center (see Fig.Q]). It is assumed that the total number of antennas in the network scales at 
most linearly with n, i.e., ml = 0(n). For analytical convenience, we would like to state that parameters 
n, m, and I are then related according to 

n = m 1//3 = 

where /3, 7 G [0, 1) satisfying j3 + 7 < 1. The number of antennas is allowed to grow with the number of 
nodes and BSs in the network. The placement of these / antennas depends on how the number of antennas 
scales as follows: 

1) / antennas are regularly placed on the BS boundary if / = 0{^n/m), and 

2) ■sjnjm antennas are regularly placed on the BS boundary and the rest are uniformly placed inside 
the boundary if I = u(^Jn/m) and I = O(n/m)0 

Furthermore, we assume that the BSs are connected to each other with sufficiently large capacity such 
that the communication between the BSs is not the limiting factor to overall throughput scaling. The 
required transmission rate of each wired BS-to-BS link will be specified later (in Remark H]). It is also 
assumed that these BSs are neither sources nor destinations. Suppose that the radius of each BS scales as 
eo/v^i for dense networks and as e ^/n/m for extended networks, where e > is an arbitrarily small 
constant independent of n, which means that it is independent of m and / as well. This radius scaling 
would ensure enough separation among the antennas since the per-antenna distance scales at least as the 
average per-node distance for any parameters n, m, and I. 

Let us first describe the uplink channel model. Let I C {1, ■ • • , n} denote the set of simultaneously 
transmitting wireless nodes. Then, the I x 1 received signal vector y s of BS s G {1, • • • , m} and the I x 1 
uplink complex channel vector between node i G {1, • • • , n} and BS s are given by 

Ys = XX* Xi + Us 

iei 

4 Such an antenna deployment strategy guarantees both the nearest neighbor transmission from/to each BS antenna and enough space 
among the antennas, and thus enables our BS-based routing protocol via MH to work well, which will be discussed in Section ITV- Al 
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respectively, where Xi is the transmit signal of node i, and n s denotes the circularly symmetric complex 
additive white Gaussian noise (AWGN) vector whose element has zero-mean and variance iV . Here, 9^ t 
represents the random phases uniformly distributed over [0, 2ti) and independent for different i, s, t, and 
time (transmission symbol), i.e., fast fading. Note that this random phase model is based on a far-field 
assumption, which is valid if the wavelength is sufficiently small, t and a > 2 denote the distance 
between node i and the t-th antenna of BS s, and the path-loss exponent, respectively. Similarly, the 1 x I 
downlink complex channel vector hf s between BS s and node i (s G {1, • • • ,m} and i & {1, • • • , n}) and 
the complex channel between nodes i and k (i, k 6 {1, • • • , n}) are given by 



oJ IS 



d a/2 d a/2 



is A 



is,2 



je d , 

d a/2 
is,l 



and 



h 



hi 



~a~/2' 
r ki 



(2) 



respectively, where 9f st and 9 ki have uniform distribution over [0, 2ix), and are independent for different 
i, s, t, k, and time. rf s t and denote the distance between the t-th antenna of BS s and node i, and the 
distance between nodes i and k, respectively. 

Suppose that each node and BS should satisfy an average transmit power constraint P and nP/m, 
respectively, during transmission!! Then, the total transmit powers allowed for the n wireless nodes and 
the m BSs are the same. Channel state information (CSI) is assumed to be available both at the receivers 
and the transmitters for downlink transmissions from BSs but only at the receivers for transmissions from 
wireless nodes. Let T n (a,/3,7) denote the total throughput of the network for the parameters a, (3, and 
7, and then its scaling exponent is defined by [3], [19] 

e(a, 0, 7) = hm — , (3) 



logn 



which captures the dominant term in the exponent of the throughput scaling!! It is assumed that each 
node transmits at a rate T n (a, /?, j)/n. 



III. Main Results 

This section presents the formal statement of our results, which are divided into two parts to show the 
capacity scaling laws: achievable throughput scalings and information-theoretic upper bounds. We simply 
state these results here and derive them in later sections. The following summarizes our main results. 
In dense networks, the optimal scaling exponent is given by e(a, (3, j) = 1, while the optimal scaling 
exponent e(a,/3,7) in extended networks is given by 

e(a,/3, 7 ) = max|l + 7- (1 ~/ )a ,min|/3 + 7,^}^,2-||, (4) 

where the details are shown in the following two subsections. 

5 This assumption is reasonable since the balance between uplink and downlink would be maintained for the case where the transmit power 
of one BS in a cell increases proportionally to the total power consumed by all the users covered by the cell. In this case, note that although 
we allow additional power for BSs, the total transmit power used by all wireless nodes and BSs still remains as O(n). 

6 To simplify notations, T n (a, /3,7) will be written as T„ if dropping a, /3, and 7 does not cause any confusion. 
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A. Achievable Throughput Scaling 

In this subsection, the throughput scaling for both dense and extended networks under our routing 
protocols is shown. The following theorem first presents a lower bound on the total capacity scaling T n 
in dense networks. 

Theorem 1: In a dense network, 

T n = Qin 1 -*) (5) 

is achievable with high probability (whp) for an arbitrarily small e > 0. 

Equation © is achievable by simply using the HC strategy [3]0 Although the HC provides an almost 
linear throughput scaling in dense networks, it may degrade throughput scalings in extended (or power- 
limited) networks. An achievable throughput under extended networks is specifically given as follows. 

Theorem 2: In an extended network, 

T n = Q (max jmZ f^)^ , mirnn j/, {^f^} , n 1 ^, n 2 -^}^ (6) 

is achievable whp for an arbitrarily small e > 0. 

The first to fourth terms in © correspond to the achievable rate scalings of the infrastructure- supported 
single-hop (ISH), infrastructure- supported multi-hop (IMH), MH, and HC protocols, respectively, where 
the two BS-based schemes will be described in detail later (in Section ITVl). As a result, the best strategy 
among the four schemes ISH, IMH, MH, and HC depends on the path-loss exponent a, and the parameters 
m and I under extended networks. Let us give an intuition for the achievability result above. For the first 
term in ©, ml represents the total number of simultaneously active sources in the ISH protocol while 
{m/n) a l 2 ~ l comes from a performance degradation due to power limitation. The second term in © 
represents the total number of sources that can send their own packets simultaneously using the IMH 
protocol. From the achievable rates of each scheme, the interesting result below is obtained under each 
network condition. 

Remark 1: The best achievable one among the four schemes and its scaling exponent e(a, (3, 7) in © 
are shown in TABLE U according to the two-dimensional operating regimes on the achievable throughput 
scaling with respect to the scaling parameters j3 and 7 (see Fig. [2]). This result is analyzed in Appendix 
IA1 Operating regimes A-D are shown in Fig. [2] It is important to verify the best protocol in each regime. 
In Regime A, where (3 and 7 are small, the infrastructure is not helpful. In other regimes, we observe 
BS-based protocols are dominant in some cases depending on the path-loss exponent a. For example, 
Regime D has the following characteristics: the HC protocol has the highest throughput when the path-loss 
attenuation is small, but as the path-loss exponent a increases, the best scheme becomes the ISH protocol. 
This is because the penalty for long-range multiple-input multiple-output (MIMO) transmissions of the 
HC increases. Finally, the IMH protocol becomes dominant when a is large since the ISH protocol has 
a power limitation at the high path-loss attenuation regime. 



B. Cut-Set Upper Bound 

We now turn our attention to presenting the cut-set upper bound of the total throughput T n . The upper 
bound [3] for pure ad hoc networks of unit area is extended to our dense network model. 

Theorem 3: The total throughput T n is upper-bounded by n log n whp in a dense network with infras- 
tructure. 

Note that the same upper bound as that of [3] assuming no BSs is found in dense networks. This upper 
bound means that n S-D pairs can be active with genie-aided interference removal between simultaneously 
transmitting nodes, while providing a power gain of logn. In addition, it is examined how the upper bound 
is close to the achievable throughput scaling. 

7 Note that the HC always outperforms the proposed BS-based routing protocols in terms of throughput performance under dense networks, 
even though the details are not shown in this paper. 
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Remark 2: Based on the above result, it is easy to see that the achievable rate in © and the upper 
bound are of the same order up to a factor logn in dense networks with the help of BSs, and thus the 
exponent of the capacity scaling is given by e(a, (3, j) = 1. The HC is therefore order-optimal and we 
may conclude that infrastructure cannot improve the throughput scaling in dense networks. 

In extended networks, an upper bound is established based on the characteristics at power-limited 
regimes shown in [3], [19], and is presented in the following theorem. 

Theorem 4: In an extended network, the total throughput T n is upper-bounded by 

T n = O ^n e max |mZ ^ — j , mmin |/, , -y/n, n 2_a / 2 |^ (7) 

whp for an arbitrarily small e > 0. 

The relationship between the achievable throughput and the cut- set upper bound is now examined as 
follows. 

Remark 3: The upper bound matches the achievable throughput scaling within n e in extended networks 
with infrastructure, and thus the scaling exponent in © holds. In other words, it is shown that choosing 
the best of the four schemes ISH, IMH, MH and HC is order-optimal for all the operating regimes shown 
in Fig. [2] (see TABLE U). 



IV. Routing Protocols 

This section explains the two BS-based protocols. Two conventional schemes [1], [3] with no infras- 
tructure support are also introduced for comparison. Each routing protocol operates in different time slots 
to avoid huge mutual interference. We focus on the description for extended networks since using the HC 
scheme [3] is enough to provide a near-optimal throughput in dense networks. 



A. Protocols With Infrastructure Support 

We generalize the conventional BS-based transmission scheme in [10], [11], [9], [12], [13]: a source 
node transmits its packet to the closest BS, the BS having the packet transmits it to the BS that is nearest 
to the destination of the source via wired BS-to-BS links, and the destination finally receives its data from 
the nearest BS. Since there exist both access (to BSs) and exit (from BSs) routings, different time slots 
are used, e.g., even and odd time slots, respectively. We start from the following lemma. 

Lemma 1: Suppose m = -nP where G [0, 1). Then, the number of nodes inside each cell is between 
((1 — (5 )n 1_/3 , (1 + ^o)^ 1 ^), 0(n/m), with probability larger than 

where A(£ ) = (1 + 5 ) ln(l + 5 ) — 5 for < 5 < 1 independent of n. 

The proof of this lemma is given by slightly modifying the proof of Lemma 4.1 in [3]. Note that ([8]) 
tends to one as n goes to infinity. 

1) Infrastructure-supported single-hop (ISH) protocol: In contrast with previous works, the spatial 
dimensions enabled by having multiple antennas at each BS are exploited here, and thus multiple trans- 
mission pairs can be supported using a single BS. Under extended networks, the ISH transmission protocol 
shown in Fig. [3] is now proposed as follows: 

• For the access routing, all source nodes in each cell, given by n/m nodes whp from Lemma [T] 
transmit their independent packets simultaneously via single-hop multiple-access to the BS in the 
same cell. 

• Each BS receives and jointly decodes packets from source nodes in the same cell. Signals received 
from the other cells are treated as noise. 

• The BS that completes decoding its packets transmits them to the BS closest to the corresponding 
destination by wired BS-to-BS links. 
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• For the exit routing, each BS transmits all packets received from other BSs, i.e., n/m packets, via 
single-hop broadcast to the destinations in the cell. 

Since the network is power-limited, the proposed ISH scheme is used with the full power, i.e., the 
transmit powers at each node and BS are P and — , respectively. 

For the ISH protocol, more DoF gain is provided compared to transmissions via MH if m and I are 
large enough. The power gain can also be obtained compared to that of the HC scheme in certain cases. 

2) Infrastructure-supported multi-hop (IMH) protocol: The fact that the extended network is power- 
limited motivates the introduction of an IMH transmission protocol in which multiple source nodes in a 
cell transmit their packets to BS in the cell via MH, thereby having much higher received power, i.e., more 
power gain, than that of the direct one-hop transmission in extended networks. That is, better long-distance 
SNR is provided with the IMH protocol. Similarly, each BS delivers its packets to the corresponding 
destinations by IMH transmissions. Under extended networks, the IMH transmission protocol in Fig. |4]is 
proposed as follows: 

• Divide each cell into smaller square cells of area 2 log n each, where these smaller cells are called 
routing cells (which include at least one node whp [1], [14]). 

• For the access routing, min{Z, ^Jn/rn] source nodes in each cell transmit their independent packets 
using MH routing to the corresponding BS in the cell as shown in Fig. [5] It is assumed that each 
antenna placed only on the BS boundary receives its packet from one of the nodes in the nearest 
neighbor routing cell. It is easy to see that min{Z, ^Jn/m} MH paths can be supported due to our 
antenna placement within BSs. Exit routing is similar, where each antenna on the BS boundary uses 
power P that satisfies the power constraint. 

• The BS-to-BS transmissions are the same as the ISH case. 

• Each routing cell operates based on 9-time division multiple access (TDMA) to avoid causing huge 
interference to its neighbor cells. 

Note that the transmit power min{/, ^Jn/m} at each BS, but not full power, is enough to perform the 
IMH protocol in the downlink. 

For the IMH protocol, more DoF gain is possible compared to the MH scheme for large m and I. In 
addition, more power gain can also be obtained compared to the HC and ISH schemes in certain cases. 

B. Protocols Without Infrastructure Support 

The upper bound in Theorem [3] is only determined by the number n of wireless nodes in dense networks. 
The upper bound in Theorem |4] also indicates that either the number m of BSs or the number / of antennas 
per BS should be greater than a certain level in order to obtain improved throughput scalings in extended 
networks. This is because otherwise less DoF gain may be provided compared to that of the conventional 
schemes without help of BSs. Thus, transmissions only using wireless nodes may be enough to achieve 
the capacity scalings in dense networks or in extended networks with small m and I. In this case, the MH 
and HC protocols, which were proposed in [1] and [3], respectively, are performed in our network with 
infrastructure. 



In this section, the achievable throughput scaling in Theorem [2] is rigorously analyzed in extended 
networks. It is demonstrated that the throughput scaling can be improved under some conditions by 
applying two BS-based transmissions in extended networks. 

The transmission rate of the ISH protocol in extended networks will be shown first. 

Lemma 2: Suppose that an extended network uses the ISH protocol. Then, the rate of 



V. Achievable Throughput in Extended Networks 




is achievable at each cell for both access and exit routings. 
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Proof: In order to prove the result, we need to quantify the total amount of interference when the 
ISH scheme is used. We first introduce the following lemma and refer to Appendix |B] for the detailed 
proof. 

Lemma 3: In an extended network with the ISH protocol, the total interference power Pf in the uplink 
from nodes in other cells to each BS antenna is upper-bounded by 6((m/n) a! / 2_1 ) whp. Each node also 
has interference power Pf = 9((m/n) a / 2_1 ) whp in the downlink from BSs in other cells. 

Note that when a > 2 the term (m/n)"/ 2-1 tends to zero as n — > oo. Now, the transmission rate for 
the access routing is derived as in the following. The signal model from nodes in each cell to the BS with 
multiple antennas corresponds to the single-input multiple-output (SIMO) multiple-access channel (MAC). 
Since the maximum Euclidean distance among links of the above SIMO MAC scales as Q(y/n/m), it 
is upper-bounded by as Sxy/n/rn, where 5% > is a certain constant. Let Ni denote the sum of total 
interference power Pf received from the other cells and noise variance N . Then, the worst case noise of 
this channel has an uncorrected Gaussian distribution with zero-mean and variance Nj [22], [23], [24], 
which lower-bounds the transmission rate. By assuming full CSI at the receiver (BS s) and performing a 
minimum mean-square error (MMSE) estimation [25], [26], [27] with successive interference cancellation 
(SIC) at BS s, the sum-rate of the SIMO MAC is given by [26], [27] 



J(x s ;y s ,H s ) >E 



> E 



P 



logdet I, + —H fl Ht 



Nr 



logdet I z + 



P 



GG f 



(9) 



where x s denotes the 



8f(n/m) a / 2 Ni 

x 1 transmit signal vector, whose elements are nodes in the cell covered by BS 



s, y s is the / x 1 received signal vector at BS s, and H s = [h^ h" 2 • • ■ h",, J (h^ for % — 1, • • • , n/m 
is given in ©). G is the normalized matrix, whose element g ti is given by eP and represents the phase 
between node i and the t-th antenna of BS s. Note that rotating the decoding order among n/m nodes 
in the cell leads to the same rate of each node. Then, the above sum-rate is rewritten as 



J(x s ; y s , H s ) > E 



J^log 

i=l 

log 

>/log(l + 



1 + 



p 



> IE 



5f(n/m)°'/ 2 - 1 N I 
P 



X, 



^(n/m)"/ 2 " 1 ^/ 
P 



Ai 



where {A 1; ■ ■ • , A/} are the unordered eigenvalues of ^GG"* [28] and A is any nonnegative constant. Due 
to the fact that log(l +x) — (loge)x + 0(x 2 ) for small x > 0, (flOl ) is given by 

"m\ «/2-i 



J(x s ; y s , H s ) > c / ^— J Pr (A x > A) 



(11) 



for some constant c > independent of n, since Nj has a constant scaling from Lemma [3l By the 
Paley-Zygmund inequality [29], it is possible to lower-bound the sum-rate in the left-hand side (LHS) of 
(fTTI) by following the same line as Appendix I in [3], thus yielding 

/77l\ Q /2— 1 

J(x s ;y s ,H s ) > al i^—j , 

where c\ > is some constant independent of n. 

For the exit routing, the signal model from the BS with multiple antennas in one cell to nodes in the 
cell corresponds to the multiple-input single-output (MISO) broadcast channel (BC). From Lemma [31 it 
is seen that the total interference power received from the other BSs is bounded. Hence, it is possible to 
derive the transmission rate for the exit routing by exploiting an uplink-downlink duality [26], [27], [30], 
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[31]. In this case, the transmitters in the downlink are designed by an MMSE transmit precoding with 
dirty paper coding [32], [33], [34] at each BS, and the rate of the MISO BC is then equal to that of the 
dual SIMO MAC with a sum power constraint. More precisely, with full CSI at the transmitter (BS) and 
the total transmit power — in the downlink, the sum-rate of the MISO BC is lower-bounded by [26] 



m&xE 
Q x >0 



> E 



logdet U + ^U'jQ^ 

logdet U + ^u'M) 



(12) 



where H' s = [hf s T ■ ■ ■ h( B L,] T i N\ denotes the sum of total interference power Pf from BSs 

in the other cells and noise variance N , and Q x is the — x — positive semi-definite input covariance 
matrix which is diagonal and satisfies tr(Q x ) < rj ^. Here, the inequality holds since the rate is reduced 
by simply applying the same average power of each user. Due to the fact that (fT2l) is equivalent to the 
right-hand side (RHS) of © (with a change of variables), Vt (/(m/n) a / 2_1 ) is achievable in the downlink 
of each cell by following the same approach as that for the access routing, which completes the proof of 
Lemma [2] ■ 

Note that I corresponds to the DoF at each cell provided by the ISH protocol while (m/n)"/ 2-1 
represents the throughput degradation due to power loss. 

The transmission rate for the access and exit routings of IMH protocol will now be analyzed in extended 
networks. The number of source nodes that can be active simultaneously is examined under the IMH 
protocol, while maintaining a constant throughput 0(1) per S-D pair. 

Lemma 4: When an extended network uses the IMH protocol, the rate of 



n 



1/2- 



"rr-w )) (i3> 

is achievable at each cell for both access and exit routings, where e > is an arbitrarily small constant. 

Proof: This result is obtained by modifying the analysis in [1], [14], [35] on scaling laws under 
our BS-based network. We mainly focus on the aspects that are different from the conventional schemes. 
From the 9-TDMA operation, the signal-to-interference-and-noise ratio (SINR) seen by any receiver is 
given by Vt{l) with a transmit power P. It can be interpreted that when the worst case noise [22], [23], 
[24] is assumed as in the ISH protocol, the achievable throughput per S-D pair is lower-bounded by 
log(l + SINR), thus providing a constant scaling. First consider the case I = o(y/n/m) where the number 
I of antennas scales slower than the number n/m of nodes in a cell. Then, it is possible to activate up 
to I source nodes at each cell because there exist / routes for the last hop to each BS antenna in the 
uplink. On the other hand, when / = VL(^Jn/m), the maximum number of simultaneously transmitting 
sources per BS is equal to the number of routing cells on the BS boundary, which scales with {n/m) 1 / 2 ~ t 
for an arbitrarily small e > 0. In the downlink of each cell, the same number of S-D pairs as that in 
the uplink is active simultaneously. Therefore, the transmission rate per each BS is finally given by (fl~3l) . 
which completes the proof of Lemma HI ■ 
By using Lemmas [2] and H] we are ready to show the achievable throughput scaling in extended networks. 
The achievable throughputs of the ISH and IMH protocols are given by 

(/ Tfl \ Of/2— 1\ 
ml (-J J (14) 

and 

T n = n(mmm^l, "'Jj , (15) 

respectively, since there are m cells in the network. Throughput scalings of two conventional protocols 
that do not utilize the BSs are also considered. From the results of [1], [3], 

T n = Q (n 1 ^) (16) 
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and 



2-a/2- 



(17) 



are yielded for the MH and HC schemes, respectively. Hence, the throughput scaling in extended networks 
is simply lower-bounded by the maximum of (fl4l)-(fT71), which completes the proof of Theorem [2] 

In addition, we would like to examine the required rate of each BS-to-BS transmission. 

Remark 4: To see how much data traffic flows on each BS-to-BS link, we first show the following 
lemma. 

Lemma 5: Let X^i denote the number of destinations in the A;-th cell whose source nodes are in the 
i-th cell, where i, k G {1, • • • , m}. Then, for all i, k G {1, • • • , m}, the following equation holds whp: 



X, 



(18) 



O if n = u{m 2 ) 

ki ~ \ O(logn) if n= 0{m 2 ) ' 
The proof of this lemma is presented in Appendix O Let C BS denote the rate of each BS-to-BS link. 
Then, since each S-D pair transmits at a rate T n /n and the number of packets carried simultaneously 
through each link is bound by (fl"8l from Lemma [5l the required rate Cbs is given by 



C 



BS 



^ ( m 2 ,) 
V n 



) 



if n 
if n 



uo[m 
0{m 2 



VI. Cut-Set Upper Bound 

To see how closely the proposed schemes approach the fundamental limits in a network with in- 
frastructure, new BS-based cut-set outer bounds on the throughput scaling are analyzed based on the 
information-theoretic approach [36]. 



A. Dense Networks 

Before showing the main proof of Theorem [31 we start from the following lemma. 

Lemma 6: In our two-dimensional dense network where n nodes are uniformly distributed and there 
are m BSs with I regularly spaced antennas, the minimum distance between any two nodes or between a 
node and an antenna on the BS boundary is larger than l/n 1+tl whp for an arbitrarily small e\ > 0. 

The proof of this lemma is presented in Appendix [Ql Now we present the cut-set upper bound of the 
total throughput T n in dense networks. The proof steps are similar to those of [37], [3]. The throughput 
per S-D pair is simply upper-bounded by the capacity of the SIMO channel between a source node and 
the rest of nodes including BSs. Hence, the total throughput for n S-D pairs is bounded by 



T 

J. m 




where || • || denotes L 2 -norm of a vector and c 2 > is some constant independent of n. The second 
inequality holds due to Lemma [6l This completes the proof of Theorem [3j 
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B. Extended Networks 

Consider the cut L in Fig. [6] dividing the network area into two halves in an extended random network. 
Let Sl and Dl denote the sets of sources and destinations, respectively, for the cut in the network. More 
precisely, under L, (wireless) source nodes Sl are on the left half of the network, while all nodes on the 
right half and all BS antennas are destinations D L f^ In this case, we get the n x (n + ml) MIMO channel 
between the two sets of nodes and BSs separated by the cut. 

In extended networks, it is necessary to narrow down the class of S-D pairs according to their Euclidean 
distance to obtain a tight upper bound. In this subsection, the upper bound based on the power transfer 
arguments in [3], [19] is shown, where an upper bound is proportional to the total received signal power 
from source nodes. The present problem is not equivalent to the conventional extended setup since a 
network with infrastructure support is taken into account. A new upper bound based on hybrid approaches 
that consider either the sum of the capacities of the multiple-input single-output (MISO) channel between 
transmitters and each receiver or the amount of power transferred across the network according to operating 
regimes, is thus derived. We start from the following lemma. 

Lemma 7: Assume a two-dimensional extended network. When the network area with the exclusion of 
BS area is divided into n squares of unit area, there are less than logn nodes in each square whp. 

This result can be obtained by applying our BS-based network and slightly modifying the proof of 
Lemma 1 in [18]. For the cut L, the total throughput T n for sources on the left half is bounded by the 
capacity of the MIMO channel between Sl and D L , and thus 



T 



< ma.xE 

Ql>0 

= maxE 

Ql>0 



logdet \l n +mi + H L Q L H] 
logdet (l e( n) + H L Q L H f L 



where the equality holds since n = H L consists of h"j in (QQ) for % G Sl, s E B, and h ki in © 

for i G Sl, k G D r . Here, B and D r represent the set of BSs in the network and the set of (wireless) 
nodes on the right half, respectively. Ql is the positive semi-definite input covariance matrix whose k-th 
diagonal element satisfies [Ql]^ < P for k G Sl- The set D L (= BUD r ) is partitioned into three groups 
according to their location, as shown in Fig. [7] By generalized Hadamard's inequality [38] as in [16], [3], 



T 



< m&xE 

Ql>0 

+ maxE 

Ql>0 

+ maxE 

Ql>0 



log det 
log det 

logdet flen + Hf Q L H 



(i)t 



O(Vml) 



+ Hi 2) Q L H L 



(3)t 



(19) 



where is the matrix with entries 



H 



(t) 



fori G S L , k G D?\ and t = 1 



3. Here. 



Li 



D[ l) and Df 



denote the sets of destinations located on the rectangular slab with width 1 immediately to the right of the 
centerline (cut) and on the ring with width 1 immediately inside each BS boundary (cut) on the left half, 



respectively. is given by Dl \ {D L l> UD L Z> ). Note that the sets (D L L> and D L Z> ) of destinations located 
very close to the cut are considered separately since otherwise their contribution to the total received 
power will be excessive, resulting in a loose bound. 

Each term in <fT9l will be analyzed below in detail. Before that, to get the total power transfer of the set 
£>i 3) ,the same technique as that in Section V of [3] is used, which is the relaxation of the individual power 
constraints to a total weighted power constraint, where the weight assigned to each source corresponds 



,(2) 



(1) 



The other cut L can also be considered in the network. In this case, sources Si represent antennas at each BS as well as ad hoc nodes 
on the left half. The (wireless) destination nodes are on the right half. Since the cut L provides a tight upper bound compared to the 
achievable rate, the analysis for the cut L is not shown in this paper. 

'Here and in the sequel, the noise variance iVo is assumed to be 1 to simplify the notation. 
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to the total received power on the other side of the cut. Specifically, each column i of the matrix is 
normalized by the square root of the total received power on the other side of the cut from source i G Si,. 
The total weighted power P^\ by source % is then given by 



P. 



(3) 



Pd 



(3) 
LAi 



where 



d 



(3) 



E 



ki 



+ 



E 



r 



si,t 



(20) 
(21) 



k&D r \D^ } 



s£B h te[l,l] 



Here, D r is the set of destination nodes including BS antennas on the right half and P>i represents the set 
of BSs on the left half. Then, the third term in (fT9l) is rewritten as 



max£ 

Ql>0 



logdet(I n + Ff Q L Ff 



(22) 



(3) 

where is the matrix with entries 

(3) 

k G D L . Then, is the matrix satisfying 

Ql 

which means tr(Q^) < ^2 ieSL Pl \ ( e q ua l to the sum of the total received power from each source). 
We next examine the behavior of the largest singular value for the normalized channel matrix F 

(3) 

From the fact that F^ ; is well-conditioned whp, this shows how much it essentially affects an upper 
bound of (|22|) . which will be analyzed later in Lemma [9j 



,,(3) 



ki 



ki 



H 



(3) 



, which are obtained from (12TT) . for i G Si, 



ki 



4 3 i4 3 i [QlL 



(3) 



Lemma 8: Let F^ denote the normalized channel matrix whose element is given by 



n(3) 



H 



(3) 



ki 



. Then, 



ki 



E 



,i(3) 



< c 3 (logn) 



(23) 



where || • || 2 denotes the largest singular value of a matrix and c 3 > is some constant independent of n. 
The proof of this lemma is presented in Appendix [0 Using Lemma [8] yields the following result. 
Lemma 9: The term shown in (|22l) is upper-bounded by 



»E^> 

ies L 

,(3) 



(24) 



whp where e > is an arbitrarily small constant and ■ is given by (|20 
Proof: Equation (l22l) is bounded by 



m&xE 

Ql>0 

+ maxE 

Ql>0 



log dot (I n + Fi 3) Q L Ff 
logdetf^ + FfQiFf 1 



1,; 



C3) 



,(3) 



(25) 



where the event £ ( 3 ) is given by 



^ F (3) 



^(3) 



> n 
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for an arbitrarily small constant e > 0. Then, by using the result of Lemma [8] and applying the proof 
technique similar to that in Section V of [3], it is possible to prove that the first term in (|25l ) decays 
polynomially to zero as n tends to infinity, and for the second term in (|25l ), it follows that 



log det 



In + F?> 



QlF 



(3)' 



ieS L 



maxE 
Q L >o 

which completes the proof. ■ 
Note that ([24]) represents the power transfer from the set Sl of sources to the set of the corre- 
sponding destinations for a given cut L. For notational convenience, let and df\ denote the first and 



second terms in (|2TI) . respectively. Then, Pd L 4 \ and Pd^\ correspond to the total received power from 



source % to the destination sets D r \ Dj*/ and Dl\ {D l z> UD r ), respectively. The computation of the total 



(2) 



received power of the set D L ^ will now be computed as follows: 

£"g = £M1 + £ M 

ieSi iG5_t i&Sl 



(5) 
LAi 



(26) 



which is eventually used to compute (1241) . 

First, to get an upper bound on J2ies L ^^la m (|2"6l >. the network area is divided into n squares of unit 
area. By Lemma [7J since there are less than log n nodes inside each square whp, the power transfer can 
be upper-bounded by that under a regular network with at most logn nodes at each square (see [3] for 
the detailed description). Such a modification yields the following upper bound [3] for ^^Li- 

i.a-«/2(iog n ) 



ies L 



(4) 
LA 



c 4 n 



< 



C4^/n(\ogn) 2 



if 2 < a < 3 
if a = 3 
if a > 3 



(27) 



whp for some constant c 4 > independent of n. Next, the second term ^2 ieSL Pd^ \ in (|26l) can be derived 
as in the following lemma. 



Lemma 10: The term X^es L % * s gi ven by 



a/2 . 



O (m/^f (logn) 2 ) 



O 



I n_ ( ml \ 



ml \ a / 2 ■ 





if I 


= o(yJn/m) 






if I 


= Vl(\Jn/m) 


and 2 < a < 3 


2 ) 


if I 


= Vl(^n/m) 


and a = 3 




if I 


= VL(^Jn/m) 


and a > 3 



(28) 



whp. 

The proof of this lemma is presented in Appendix [Fj 

It is now possible to derive the cut-set upper bound in Theorem [4] by using Lemmas [9] and \\0\ For 
notational convenience, let denote the i-th term in the RHS of (fl9l ) for i 6 {1, 2, 3}. By generalized 
Hadamard's inequality [38] as in [16], [3], the first term T, 

P 



(i 



T« < £ log (] 



iVn 



in (1191 ) can be easily bounded by 



< Ci\Al(log 



n 



(29) 



where ci > is some constant independent of n. Note that this upper bound does not depend on j3 and 
7. The second inequality holds since the minimum distance between any source and destination is larger 
than l/n 1 / 2+ei whp for an arbitrarily small e% > 0, which is obtained by the derivation similar to that 
of Lemma |6l and there exist no more than y/n\ogn nodes in D\/ whp by Lemma [7J The upper bound 



UNDER REVISION FOR IEEE TRANSACTIONS ON INFORMATION THEORY 



15 



(2) (2) 

for 7T ; is now derived. Since some nodes in D\ ' are located very close to the cut and the information 
transfer to is limited in DoF, the second term of (fT9l ) is upper-bounded by the sum of the 
capacities of the MISO channels. More precisely, by generalized Hadamard's inequality, 



T (2) < f c 2 ml\ogn if I = o{^n/m) 
n ~ \ C2y/nm \ogn if I = Vt(y/n/m) 



< c 2 m min |/, y — | log n (30) 

where c 2 > is some constant independent of n. Next, the third term of (fl9l) will be shown by using 
(T24l) . (|27l) and Lemma [TOl If / = o(*Jnpm), which corresponds to operating regimes A and B shown in 
Fig. [21 then is given by 

0(n 2 - a / 2+€ ) if2<a<3 
0(n l / 2+e ) if a > 3. 



r (3) 



Hence, under this network condition, 

T n < c 5 n € max {m/, y/n, n 2 ~ a ^ 2 } 

for some constant c 5 > independent of n, which is upper-bounded by the RHS of ©. Now we focus 
on the case for I = Vt{^n/m) (regimes C and D in Fig. [2]). In this case, is upper-bounded by 



c 3 n € (n 2 - a / 2 {logn) 2 + nl (f )° /2 log', 



n ) if 2 < a < 3 



T < 



T^ 3) < <J c 3 n e (v^(logra) 3 + ml^(\ogn) 2 ) if a = 3 
c 3 n £ (v^(logn) 2 + ^ (^) a/2 logn) if a > 3 

c 3 n £2 max(n 2 - Q / 2 ,fii(^) a/2 ] if 2 < a < 3 

< < 1 lL J (3D 

c 3 ^max| v ^,^(^) a/i | ifa>3 

for some constant c 3 > and an arbitrarily small constant e 2 > e > 0. From (|29l ), (1301 ), and (|3T| ), we thus 
get the following result: 

c 4 n £ max j i/rim, n 2 ~ a/2 , nl (^) a/2 | if 2 < a < 3 
c 4 n e max { yfnm, ^ (^)° /2 } if a > 3 

< C4n e max < y/nm, n 2 ~ a ' 2 , ml y — J > , 

where the first and second inequalities hold since ^/nm = Q(y/n) and y/nm = Q ( n ^) a ^ 2 ^j, respec- 
tively, which results in ©. This completes the proof of Theorem HI 

Now we would like to examine in detail the amount of information transfer by each separated destination 
set. 

Remark 5: The information transfer by the BS antennas on the left half, i.e., the destination set Dl\D t , 
becomes dominant under operating regimes B-D (especially at the high path-loss attenuation regimes) in 
Fig. [2l More specifically, compared to the pure network case with no BSs, as m and I increases (i.e., 
regimes B-D), enough DoF gain is obtained by exploiting multiple antennas at each BS, while the power 
gain is provided since all the BSs are connected by the wired BS-to-BS links. In addition, note that 
the first to fourth terms in © represent the amount of information transferred to the destination sets 
D L \ (£>[ 2) U D r ), D { 1\ D ( l\ and D r \ \ and can be achieved by the ISH, IMH, MH, HC schemes, 
respectively. 
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VII. Conclusion 

The paper has analyzed the benefits of infrastructure support for generalized hybrid networks. Provided 
the number m of BSs and the number / of antennas at each BS scale at arbitrary rates relative to the number 
n of wireless nodes, the capacity scaling laws were derived as a function of these scaling parameters. 
Specifically, two routing protocols using BSs were proposed, and their achievable rate scalings were 
derived and compared with those of the two conventional schemes MH and HC in both dense and extended 
networks. Furthermore, to show the optimality of the achievability results, new information-theoretic upper 
bounds were derived. In both dense and extended networks, it was shown that our achievable schemes 
are order-optimal for all the operating regimes. 



Appendix 

A. Achievable Throughput With Respect to Operating Regimes 

Let ei S H, Cimhj mh> an d e H c denote the scaling exponents for the achievable throughput of the ISH, 
IMH, MH, and HC protocols, respectively. The scaling exponents among the above schemes are compared 
according to operating regimes A-D shown in Fig. [2](e is omitted for notational convenience). From the 
result of Theorem [2l note that e ISH , e M H> and e H c are given by 1 + 7 — ^ 1 ~^ >a , ~, and 2 — |, respectively, 
regardless of operating regimes. 

1) Regime A (0 < + 7 < \): Cimh = /? + 7 is obtained. Since e M H > Z\mh > £ish, pure ad hoc 
transmissions with no BSs outperform the ISH and IMH protocols. Hence, the results in Regime A 
of TABLE 00 are obtained. 

2) Regime B (/3 + 7 > \ and (3 + 2^ < 1): ei M H is the same as that under Regime A. Since ei M H > ei S H 
and e IMH > e M H> the IMH always outperforms the ISH and the MH. Hence, it is found that the HC 
scheme has the largest scaling exponent under 2 < a < A — 2(3 — 27, but if a > 4 — 2(3 — 27 the 
IMH protocol becomes the best. 

3) Regime C ((3 + 27 > 1 and 7 < L(/3 2 — 3/3 H- 2)): Remark that ei M H = ^ and ei M H > cmh- 
Then, the following inequalities with respect to the path-loss exponent a are found: eisH > gimh for 

2 < a < 1 + ^ and ei SH < ei MH for a > 1 + yzjg; e H c > e mu for 2 < a < 3 - (3 and e HC < ei MH 
for a > 3 — (3; and e H c > ei S H for 2 < a < 2( - 1 ~ 7 ^ ) and e H c < ci S h for a > 2t ^~^ . The best scheme 
thus depends on the comparison among 1 + 3 — (3, and 2 ^~ 7 ^ . Note that 3 — (3 < 2 ^~ 7 ^ and 

3 — (3 > 1 + j7?g always hold under Regime C. Finally, the best achievable schemes with respect to 
a are obtained and are shown in Fig. |8(a)[ 

4) Regime D (f3 + 7 < 1 and 7 > \{(3 2 — 3(3 + 2)): The same scaling exponents for our four protocols 
are the same as those under Regime C. The result is obtained by comparing 1 + 3 — (3, and 

2(1 ~ 7 - > under Regime D. The following two inequalities 3 — (3 > 2( - 1 „ 7 - > and 3 — (3 < 1 + are 



satisfied, and the best achievable schemes with respect to a are obtained and shown in Fig. |8(b) 
This coincides with the result shown in TABLE H 



B. Proof of Lemma \3\ 

First consider the uplink case. There are 8k interfering cells, each of which includes Q{n/m) nodes whp, 
in the £>th layer l k of the network as illustrated in Fig. [9l Let d k denote the Euclidean distance between a 
given BS antenna and any node in l k , which is a random variable. Since dk scales as Q[k^n/m), there 
exists c 7 > c 6 > with constants c 6 and c 7 independent of n, such that d k = c^k^Jn/m, where all c 8 lies 
in the interval [c 6 ,c 7 ]. Hence, the total interference power Pf at each BS antenna from simultaneously 
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transmitting nodes is upper-bounded by 

00 r> / \ a / 2 

P u < V (8k) n ( m 

1 ~ t^i (W^) a/2_1 ™ \(c6k) 2 n 

8P<A 1 

~~ k a ~ x 
6 k=i 

< Cfl, 

where c 9 > is some constant independent of n. Now let us consider the interference in the downlink. 
The interfering signal received by node i, which is in the cell covered by BS s, from the simultaneously 
operating BSs s' E {1, • • • , m} \ {s} is given by 

n/m 



E 

s'e{l,— ,m}\{s} Vj=l 



where uj' denotes the j-th transmit precoding vector at BS s' normalized so that its L 2 -norm is unity and 
Xj is the j-th transmit packet at BS s'. Since uj' is represented by a function of the downlink channel 

coefficients between BS s' and nodes communicating with BS s', the terms [h^ s ,] fc • ■ u| a;|' are 

independent for all k G {1, • • • , n/m} and s' G {1, ■ ■ • , m} \ {s}. Using the fact above and the layering 
technique similar to the uplink case, an upper bound of the average total interference power Pf at each 
node in the downlink is obtained as the following: 

d ~ (n/m)P ( m \ a/2 

lS (m/n)*/ 2 - 11 K} \{c & kfn J S 9 ' 

where c' 9 > is some constant independent of n. 
C. Proof of Lemma \5\ 

Let Xi denote the number of sources in the i-ih. cell and S x denote the event that Xi is between 
((1 — 8o)n/m, (1 + 5o)n/m) for all i E {1, • • • , m}, where < 5q < 1 is some constant independent of 
n. Then, we have 

Pr {X ki < a for all i,k E {1, • • • , m}} 
> Pr {£ x } Pr < a for all i, k\£ x } 

(( (l+8 )n/m \ 
l-m 2 Prj J2 B j> a >y (32) 

where ^ . is the sum of (1 + S )n/m independent and identically distributed (i.i.d.) Bernoulli random 
variables with probability 

Pr{R- = 1} = — . 

m 

Here, the second inequality holds since the union bound is applied over all i, k E {1, • • • , m}. We first 
consider the case where n/m = w(m), i.e., < j3 < 1/2. By setting a = (1 + 5 ) 2 n/m 2 , we then get 

f(l+<5 )n/m 
<T B 3 > (1 + 5 r^- 2 I = Pr {e^\ So>/m B, > 



< e -(l+<5 )n/m 2 ( S (l+5 )-e s +l) ) (33) 
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which is derived from the steps similar to the proof of Lemma 4.1 in [3], where the first inequality comes 
from an application of Chebyshev's inequality. Hence, using ®, (1321) , and (|33l) yields 



Pr\x kl < (l + 5 ) 2 ^- for all i, k 6 {1, • • • , m}\ 
I m z ) 

> ( 1 - n^e~ A{5o)nl ' P ) ( 1 - m 2 e -(l+<5o)A(5oW™ 2 



1 _ n /3 e" A((So)nl " /3 ) ( 1 - e 2 / 31n ™-( 1 +< 5 o)A(<5o)ni- 2 ' 3 



where A(5 ) = (1 + 8 ) ln(l + 8 ) — 8 , by choosing s = ln(l + 5 ), which converges to one as n goes 
to infinity. When n/m = 0(m), i.e., 1/2 < /3 < 1, setting a = Inn and s = (2 + 5 )/3 and following the 
approach similar to the first case, we obtain 

Pr {X ki < Inn for all i, k 6 {1, • • • , m}} 

> ^1 _ n /3 e -A(5o)n 1 "' 9 \ _ m 2 e -(l+5 )(l-e( 2 +*o)/3)„/m 2 -(2+5o)/31nn N 



which converges to one as n goes to infinity. This completes the proof. 
D. Proof of Lemma |6| 

This result can be obtained by slightly modifying the asymptotic analysis in [3], [14]. The minimum 
node-to-node distance is easily derived by following the same approach as that in [3] and is proved to 
scale at least as l/n 1+<El with probability 1 — 0(l/n 2ei ). We now focus on how the distance between a 
node and an antenna on the BS boundary scales. Consider a circle of radius l/n 1+ei around one specific 
antenna on the BS boundary. Note that there are no other antennas inside the circle since the per-antenna 
distance is greater than l/n 1+ei . Let Ed denote the event that n nodes are located outside the circle given 
by the antenna. Then, we have 

P{S c d } < 1 - (l 



C1Q7T 



n 



where < c w < 1 is some constant independent of n. Hence, by the union bound, the probability that 
the event Ed is satisfied for all the BS antennas is lower-bounded by 

CiqVT \n> 



1 - mlP{E c d } > 1 - ml(l - (l 



> 1-n 1 



CiqTT 



n 



2+2e 



where the second inequality holds since ml = 0(n), which tends to one as n goes to infinity. This 
completes the proof. 

E. Proof of Lemma \8\ 

The size of matrix is O(n) x 9(n) since ml = 0(n). Thus, the analysis essentially follows the 
argument in [3] with a slight modification (see Appendix III in [3] for more precise description). Consider 
the network transformation resulting in a regular network with at most log n nodes at each square vertex 
except for the area covered by BSs. Then, the same node displacement as shown in [3] is performed, 
which will decrease the Euclidean distance between source and destination nodes. For convenience, the 
source node positions are indexed in the resulting regular network. It is thus assumed that the source 
nodes under the cut are located at positions (—i x + l,i y ) where i x ,i y = 1, • • ■ y/n. In the following, 



,(3) 



2 



SfceDi 3 ' F l , . and an u PP er bound for J2 it . 



F (3) 



ki 



2 



are derived: 



,i(3) 



^ - ki 

(3) 
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and 



ies L 



ki 



E 

i£S L 



,(3) 



H 



(3) 



ki 



E % if k € D r \ D ( £ 



(i) 



j 1 

if ke {t-.te [1,1] forsefl,} 



E 



- if k E D r \D 



(i) 



< < 



E — ^ _ Q if A; G {t : t G [1, Z] for s G A} 

en log n E <" 2 ^° if fe e D r \ 

< ^ c n logn E <- 2 ^7° if A; G {t : t G [1, Z] for s G A} 

culogn5>« if keB r \D£ ) 

< * c n logn E^V if A; G {t : t G [1, /] for s G B,} 

<c n (logn) 2 J] ^— 



ix,iv = l ' > ' x ^ 



< ci 2 (logn) 



where D r is the set of nodes including BS antennas on the right half, B\ is the set of BSs in the left half 
network, cn and c\i are some positive constants independent of n, and Xi denotes the s-coordinate of 
node i E Sl for our random network (xj = 1, • • ■ , \/n). Here, the second and fifth inequalities hold since 

r~ k ? > A 

k% culogn 



and 



i x ,iy=l %x %v 



O(logn) 



respectively (see Appendix III in [3] for the detailed derivation). The fourth inequality comes from the 
result of Lemma [7J Hence, it is proved that both scaling results are the same as the random network case 
shown in [3]. 

Now it is possible to prove the inequality in (|23T) by following the same line as that in Appendix III 
of [3], which results in 



E 



tr 



P (3)tp(3) 
L L 



< C q n (ci 3 logn) 



3 9 



where C q = ^^kj is the Catalan number for any q and ci 3 > is some constant independent of n. Then, 
from the property ||F^ 3) ||| = lim^^ tr((F^ 3) F^) 9 ) 1 / 9 (see [39]), the expectation of the term ||F^||§ is 



finally given by (1231) . which completes the proof. 
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F. Proof of Lemma 17(71 

When / = o(yfn/m), there is no destination in \ and thus Ylies \ becomes zero. Hence, the 
case for I = Vt{^Jn/m) is the focus from now on. By the same argument as shown in the derivation 
of Ylies ^l!' m e network area is divided into n squares of unit area. Then, by Lemma [7J the power 
transfer under our random network can be upper-bounded by that under a regular network with at most 
logn nodes at each square except for the area covered by BSs. As illustrated in Fig. \\0[ the nodes in 
each square are moved together onto one vertex of the corresponding square. The node displacement is 
performed in a sense of decreasing the Euclidean distance between node i E Sl and the antennas of the 
corresponding BS, thereby providing an upper bound for df\. Layers of each cell are then introduced, as 
shown in Fig. \\0[ where there exist 8(e \/n/m + k) vertices, each of which includes logn nodes, in the 
A;-th layer l' k of each cell. The regular network described above can also be transformed into the other, 
which contains antennas regularly placed at spacing coa/IiF outs ide the shaded square for an arbitrarily 
small e > 0. Note that the shaded square of size 2k x 2k is drawn based on a source node in l' k at its 
center (see Fig. [10]). The modification yields an increase of the term d^\ by source i. When d^\^ is 
defined as df \ by node i that lies in V k , the following upper bound for d^\, k -> is obtained: 

y(5) 



d {5 > < V 

a L,i(k) ^ 2^ 



/ ml \ a ^ 2 r] a 



a/2 



n) ^ ~k^ 

7 k'=C 



ml 



a/2 



- Cu{ - \c^ + L ^ dx 



1 1 \ fml\ 
cm I t + t: — 



c 

a/2 



C a-2j \ n J ( a ~ 2 
where ( = 1 + [krj\, 77 = and cu is some constant independent of n. Here, [^J denotes the 

(5) 

L,i(k) 

o(k*-«(i)) if* = n(VS), 



greatest integer less than or equal to x. Hence, d!f is given by 



d {5) 



L,i(k) 
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finally yielding 



'n/m 



£Pdg <P^\ogn £ 8 



fe=i 



< CisPy/nm log n 



< Ci^Py/nm logn 



i n/ml—l 



L,i{k) 



I n/m 



fe=i 



' n/ml 



^/ n/ml 



^£nl ( f) a/2 log n if2<a<3 
< <J *£f£.ml^ (logn) 2 if a = 3 



(34) 



where ci 5 is some constant independent of n. Here, the first inequality holds since there exist 8(eoy n/m + 
k) vertices in l' k and at most logn nodes at each vertex. Equation (|34l) yields the result in (1281 . which 
completes the proof. 
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Infrastructure node (or BS) 




Fig. 1. The wireless ad hoc network with infrastructure support. 




Fig. 2. Operating regimes on the achievable throughput scaling with respect to ft and 7. 



TABLE I 

Achievable rates for an extended network with infrastructure. 



Regime 


Condition 


Scheme 


e(a,/3,7) 


A 


2 < a < 3 
a > 3 


HC 
MH 


T) n 

Z 2 
1 


B 


2<a<4-2/j-2 7 
a > 4 - 2/3 - 27 


HC 
IMH 


j*n* 

z 2 

/3 + 7 


C 


2<a<3-/3 
a>3-/3 


HC 
IMH 


9 ^ 

z 2 

1+j9 
2 


D 


2<a< 
2(1_7) < a < 1 + 27 

— l-,9 

«>1 + T^ 


HC 
ISH 
IMH 


2 ^ 

1+7 "V' 

1+/3 
2 
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Access routing Exit routing 

Fig. 4. The infrastructure-supported multi-hop (IMH) protocol. 
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Fig. 7. The partition of destinations in the two-dimensional random network. To simplify the figure, one BS is shown in the left half 
network. 



HC HC IMH IMH HC ISH ISH IMH IMH 



2 i + 2(i- 7 ) a 2 2 (!-7) 3-/3 1 + ^ 3 « 

(a) (b) 
Fig. 8. The best achievable schemes with respect to a. (a) The Regime C. (b) The Regime D. 
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BS 



Second layer I2 



First layer Zi 



Fig. 9. Grouping of interfering cells. The first layer h of the network represents the outer 8 shaded cells. 
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Fig. 10. The displacement of the nodes to square vertices. The antennas are regularly placed at spacing outside the shaded square. 



